[1] Solar EUV and soft X-ray photons are a prime source of energy upon Saturn's upper atmosphere. In particular, they represent a significant source of ionization yielding the creation of an ionosphere, a region probed by the Cassini Radio Science Subsystem (RSS) experiment. During the past decade the only ionization process modeled at Saturn under solar illumination has been photoionization. We present the first detailed calculation of the ionization rate by suprathermal electrons (photoelectrons and their secondaries), applied to Saturn using realistic solar flux and neutral atmospheric input. The energy degradation model, describing the absorption of solar photons and the transport of suprathermal electrons, is self-consistently coupled with an ionospheric model providing the electron and ion densities and temperatures. The coupled model is applied to equinox conditions at 30°N latitude. We assess and compare the photoionization and electronimpact ionization rates. We discuss their sensitivity with solar flux models as well as solar activity. We find that the secondary production rate affects not only the bottom side of the ionosphere, as previously predicted, but also the main ionospheric peak. The electron density is increased by up to 30% at the peak with a decrease in the peak altitude by several hundreds of kilometers around local noon. Above the homopause, the largest increase in electron density is found after sunrise below the ionospheric peak. Finally, we compare the energy degradation of photoelectrons with auroral electrons and discuss the relevance of this study to the interpretation of observations by the Cassini RSS and Cassini Plasma Science/Electron Spectrometer instruments.
Introduction
[2] The six dawn and dusk radio occultations from Pioneer 11 and Voyager 1 and 2 were acquired during solar maximum conditions (1979 -1981) and covered a wide range of latitudes. They have revealed a highly variable and complex structure for Saturn's ionosphere [Kliore et al., 1980a [Kliore et al., , 1980b Tyler et al., 1981 Tyler et al., , 1982 Atreya et al., 1984; Lindal et al., 1985] . The derived profiles show a peak in electron density of 0.6 -2 Â 10 4 cm
À3
, with a peak altitude ranging from 1800 to 2900 km above the 1 bar level, and multiple secondary peaks at lower altitudes with magnitudes occasionally very close to the main peaks. More recently, the Radio Science Subsystem (RSS) onboard the Cassini orbiter has provided a new set of electron density profiles during low solar activity. The first published set includes twelve dawn and dusk profiles obtained from nearequatorial occultations . They show an upper altitude peak with a density between $5 Â 10 2 cm À3 and 7 Â 10 3 cm À3 at an altitude ranging from 1850 km to 3000 km, a lower-altitude peak with a density between 4 Â 10 2 cm À3 and 8 Â 10 3 cm À3 at an altitude ranging from 1150 to 1800 km and additional tertiary peaks at lower altitudes. The second published set includes nineteen new occultations, seven from midlatitudes (20°< jlatj < 60°) and eight from high latitudes (jlatj > 60°), and reaffirms the highly structured and variable ionosphere of Saturn [Kliore et al., 2009] . Averaging the profiles over latitude regions reveals an increase of the electron density with latitude, which may be due to additional particle ionization sources or a reduction of loss sources with latitude [Kliore et al., 2009] .
[3] The main source of dayside ionization yielding the creation of an ionosphere is solar irradiance from soft X rays (0.1 -10 nm) to the extreme ultraviolet (EUV) (10 -110 nm) and far ultraviolet (FUV) (110-200 nm) [e.g., Moses and Bass, 2000] . Before the first radio occultation was made available, models of Saturn's ionosphere overpredicted the electron density peak by one order of magnitude and underpredicted its altitude [e.g., McElroy, 1973; Atreya and Donahue, 1975; Capone et al., 1977] . In an attempt to reconcile modeled results with radio occultation observations, two loss processes of H + , a long-lived and dominant ion in Saturn's ionosphere, have been invoked. One is the charge-exchange reaction between vibrationally excited H 2 (n ! 4) with H + and the other is the influx of water or of OH from Saturn's rings, yielding the depletion of H + and the production of short-lived molecular ions [e.g., McElroy, 1973; Connerney and Waite, 1984; Majeed and McConnell, 1991] . Results from a comprehensive model including 1-D water diffusion calculations showed that a constant influx of water of (0.5 -1.0) Â 10 7 cm
À2
.s À1 is adequate for reproducing the near-equatorial Cassini measurements [Moore et al., 2006] , which might reduce the necessity of charge exchange of H + with vibrationally excited H 2 , in agreement with recent theoretical work [Huestis, 2008] . Other candidates for reducing the electron density at the peak include vertical transport of plasma by either neutral winds or electric fields, or diurnal changes in electron density profiles associated with upward/downward plasmaspheric fluxes [e.g., Majeed and McConnell, 1991] . These quantities are, however, very poorly constrained. Another process affecting the electron density structures is the shadowing by Saturn's rings [Moore et al., 2004; Mendillo et al., 2005] . Finally, metallic ions of meteoritic origin, cosmic ray ionization, and atmospheric gravity waves [e.g., Capone et al., 1977; Moses and Bass, 2000] could account for sporadic layers in the deep ionosphere.
[4] Under solar illumination, atmospheric neutral species are ionized by solar photons. While usually included in the case of Venus, Earth, Mars, Jupiter, and Titan [e.g., Kim and Fox, 1994; Schlesier and Buonsanto, 1999; Cravens et al., 2004; Fox and Yeager, 2006; Galand et al., 2006; Fox, 2007] , the contribution by photoelectrons as an additional source of energy is often neglected in ionospheric models applied to Saturn [e.g., Moses and Bass, 2000; Moore et al., 2004 Moore et al., , 2006 . In support of the interpretation of the radio occultation observations, it is important to assess how and by how much this additional ionization source affects the electron density profile. Photoelectrons produced by energetic solar photons have enough energy to interact subsequently with the atmosphere. Such an interaction yields heating of the ionospheric thermal electrons and additional ionization of the neutral atmospheric species. On the basis of extrapolation from Jovian calculations by Kim and Fox [1994] , Moses and Bass [2000] predicted that neglecting the electron-impact ionization by photoelectrons and their secondaries would yield an underestimation of the H 2 + production rate (and consequently of the electron production rate) at Saturn, especially in the bottomside of the ionosphere. The only ionospheric modeling study taking into account the contribution of photoelectrons and their secondaries in Saturn's ionosphere was presented by Waite [1981] . However, because of poor constraints on the neutral atmosphere at that time, the thermospheric model used by Waite [1981] is not realistic with an exospheric temperature near 1000 K, significantly larger than the now accepted value of 420 K [Smith et al., 1983; Hubbard et al., 1997] . As a result, Waite [1981] overestimated neutral densities above the homopause with values several orders of magnitude larger than what the current estimate provides. Another strong limitation of that study is the solar flux model based on Torr et al. [1979] . While at the time, this empirical model provided the best available estimate of solar flux, it is poorly constrained over the soft X-ray region, with only one bin (5 -10 nm) over this spectral region. Starting at 5 nm, it neglects the part of the solar spectrum most efficient in producing energetic photoelectrons, and thus greatly underestimates the production rate due to electron impact.
[5] In the following we attempt to quantify the contribution of photoelectrons (and their secondaries) to Saturn's ionosphere using the latest constraints on neutral atmospheric and solar conditions as well as newly developed models. Parameterizations of the thermal electron heating and electron-impact ionization rates by photoelectrons have been developed by Moore et al. [2008] and Moore et al. [2009] , two companion papers to the present study. The effectiveness of these two parameterizations over a range of seasons and latitudes is discussed by Moore et al. [2009] . The contribution of photoelectrons to the ionospheric temperatures has been discussed in detail by Moore et al. [2008] and will not be repeated here. In the present paper, we focus on the effect of photoelectrons as a source of ionization for Saturn's upper atmosphere.
Model

Coupled Model
[6] In order to assess the contribution of photoelectrons and associated secondary electrons to the ionospheric state, we have coupled two comprehensive models, as part of the Saturn Thermosphere-Ionosphere Model (STIM) effort, a suite of 1-D, 2-D, and 3-D models developed to study Saturn's upper atmosphere [e.g., Moore et al., 2004; MuellerWodarg et al., 2006] . The energy deposition model describes the attenuation of the solar photon flux through absorption by atmospheric neutrals and the transport and energy degradation of the induced suprathermal electrons. The ionospheric model calculates the densities, drift velocities, and temperatures of the thermal ionospheric population by solving the continuity, momentum, and energy equations for the ionospheric species. Both models are coupled in a selfconsistent manner. On one hand, the altitude profiles of the thermal electron density and temperature computed by the ionospheric model are used as an input to the suprathermal electron transport model to assess the energy transfer through Coulomb collisions between the suprathermal and the thermal electrons. On the other hand, the energy deposition model provides the ionospheric model with the altitude profiles of the ion production rates, source terms of the ion continuity equations, and the thermal electron heating rates that are a source term of the electron energy equation. Physical quantities are exchanged at a 10 Saturn minute time resolution ($4.44 minutes) in order to resolve the quickly changing dawn and dusk ionosphere. The coupling process between both models is repeated until convergence is reached, which typically occurs after two iterations. A more detailed description of the coupled model is given in the companion paper by Moore et al. [2008] .
[7] The energy degradation and the ionospheric models are both driven by the same atmospheric and solar conditions. The neutral densities (see Figure 1 ) are taken from a 1-D version of the gas diffusion model used in the STIM General Circulation Model (GCM) of Mueller-Wodarg et al. [2006] , assuming an eddy coefficient as inferred by Moses et al. [2000a] . Neutral temperatures are consistent with observations as summarized by Moses et al. [2000a] , which are valid for midlatitude regions. The modeled altitude range is from 600 to 3000 km above the 1-bar level. One noteworthy feature clearly apparent in the density profiles of the three main neutral species (H 2 , H, He) is the sharp change in gradient around 1000 km corresponding to the transition from a ''mixing'' region to a region where gases are diffusively separated. As the helium and hydrogen species are significantly lighter than the hydrocarbons, the diffusive separation yields a large increase in the scale height of the light species, resulting in this sharp change in gradient. Because of sparse published data set of photoionization cross sections for hydrocarbons (e.g., CH 3 ), we treat the hydrocarbon layer here as consisting purely of methane, i.e., it is used as a marker for this layer. For relevance to the Cassini mission, we have chosen $2008 -2009 conditions, that is, equinox with a 0°solar declination and solar cycle minimum conditions. Solar irradiance is the only incident energy source considered. This study focuses on midlatitude (30°N) where solar photons are most likely the dominant source of ionization. The default solar flux assumed is described in section 2.2. The magnetic field configuration is based on the Saturn Pioneer Voyager model [Davis and Smith, 1990] .
Energy Deposition Model
[8] The energy deposition model solves the Beer-Lambert law describing the absorption of solar photons in the upper atmosphere. An explicit integration along the line of sight is included (as opposed to using a Chapman approximation), allowing accurate calculation of the absorbed solar flux also for solar zenith angles (sza) above 75°. From the absorbed solar flux, the photoelectron production rate, hereafter called primary production rate, is derived. The transport and energy degradation of the photoelectrons and associated secondary electrons in the upper atmosphere are assessed by solving the Boltzmann equation for suprathermal electrons. The multistream transport model is based on the solution proposed by Lummerzheim et al. [1989] for terrestrial applications and has been validated through comparison with laboratory measurements [Lummerzheim and Lilensten, 1994] . It has previously been adapted to Titan's ionosphere [Galand et al., 1999 [Galand et al., , 2006 and recently to Saturn's ionosphere [Moore et al., 2008] . The energy range considered for the suprathermal electrons is 0.1 eV to 10 keV over 300 levels. An 8-level Gaussian pitch angle grid is used.
[9] The photoabsorption and photoionization cross section set has been updated from the original data set proposed by Moore et al. [2004] . First, the wavelength resolution has been increased from the old standard of 39 bins to a 1-nm grid on which the solar flux is now commonly given. Another noteworthy difference between the two sets is the dissociative ionization cross sections of H 2 , with an increase in the photoionization of H 2 yielding H + + H below 40 nm. Updated photoabsorption and photoionization cross sections are presented in Figure 2 . The complete list of references used for compiling the photoimpact and electron-impact cross sections is given in Table 1 .
[10] The default solar flux at the top of the atmosphere is based on the measurements of the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED)/ Solar EUV Experiment (SEE) extrapolated to Saturn under solar minimum conditions [Woods et al., 2000 [Woods et al., , 2005 Woods, 2008] . The extrapolation takes into account both the distance correction and the phasing over time (or time shift). The latter corresponds to the difference in solar longitude between Earth and Saturn. It is critical to take it into account for solar maximum conditions which are discussed in Appendices A and B. The daily average level 3 data product (version 9) was used, which provides the solar flux on a 1-nm interval over the 0.5 to 194.5 nm range (http://lasp.colorado.edu/see/). The default day chosen is 15 May 2008, associated with a daily solar index F 10.7 of 70 solar flux units, representative of solar minimum conditions (see Figure 3a) . The two major peaks seen in the solar flux spectrum are the HeII line at 30.4 nm and the CIII line at 97.7 nm. We would like to point out that the value given for the solar index throughout the paper is that at Earth's orbit.
Ionospheric Model
[11] On the basis of the thermosphere described in section 2.1, the 1-D ionospheric module solves the equations of ion continuity, momentum, and energy using the methods and rates described by Moore et al. [2004] and Moore et al. [2008] . Specifically, the ionosphere is solved via explicit time integration, includes a treatment of attenuation of sunlight by the rings of Saturn (not used in this study), and adopts the Moses and Bass [2000] .s À1 below. This reduction is due to two factors: (1) the assertion by Huestis [2008] that there may be additional vibrational relaxation of H 2 that has not been accounted for in previous derivations and (2) the fact that a water influx of the magnitude estimated from pre-Cassini era sources [e.g., Jurac and Richardson, 2005] is capable of depleting the ionospheric electron density to observed levels [Moore et al., 2006] . In addition, a steady-state influx of water at the top of the atmosphere of 5 Â 10 6 cm
À2
.s À1 is used to derive neutral water densities. This flux is within the boundaries of previous estimates [e.g., Connerney and Waite, 1984; Moses et al., 2000b] , and only accounts for a fraction of the possible geyser source at Enceladus [e.g., Porco et al., 2006] . While the values for both of these loss processes (i.e., the k 1 reaction and the rate of water influx) are within the estimates of our current, best knowledge, they are still under significant debate. As our study is focused on the effects of solar primary and secondary ionization, however, its conclusions are relatively insensitive to the exact combination of those loss processes, and therefore should remain valid should those values be modified in the future.
Solar Energy Deposition
Penetration Altitude of Solar Photons
[12] The penetration altitude of solar photons at a given wavelength is defined as the altitude at which the solar flux at this wavelength has been reduced by a factor e from its value at the top of the atmosphere. It corresponds to an optical depth of unity and is a function of the photoabsorption cross section, total neutral atmospheric density, composition and sza. The penetration altitudes derived for 30°sza (1200 LT) and 90°sza (0600 or 1800 LT) under solar minimum conditions (see Figure 3a ) are given in Figures 3b and 3c.
[13] Being the most abundant neutral species in the altitude range studied (600-3000 km), molecular hydrogen is the main absorber below 85.4 nm, the H 2 continuum absorption threshold [Kim and Fox, 1994] . In this wavelength window, the spectral shape of the penetration altitude follows that of the H 2 photoabsorption cross section (Figure 2a ), that is, monotonically increasing with wavelength. Because of an increasing atmospheric column density with sza at a given altitude, the value of the penetration altitude at a given wavelength increases from 30°sza to 90°sza, as illustrated in Figures 3b and 3c (see also Table 2 ). Below 75 nm, the penetration altitude at solar local noon (30°sza) is in very good agreement with that given by Moses and Bass [2000, Figure 2 ] for similar conditions. Between 75 and 85 nm, the origin of the disagreement is not clear. The spectral shape of the penetration altitude in this wavelength range is primarily controlled by the H 2 photoabsorption cross section. In both studies, this cross section is derived from Backx et al. [1976] and does not show any decrease above 75 nm (Figure 2a ). Such a decrease would, however, explain the decrease seen in the spectrum of the penetration altitude derived by Moses and Bass [2000] . Above $85.4 nm, our estimation of the penetration altitude (grey box) should be taken with caution, as the 1-nm spectral resolution considered here does not allow us to capture the fine structures of the H 2 emissions from the Lyman, Werner, and higher energy band systems.
Primary Versus Secondary Electron Production
[14] Altitude profiles of the primary (thick solid lines) and secondary (thin solid lines) electron production rates derived from the energy deposition model for 30°sza (1200 LT) and 90°sza (0600 or 1800 LT, that is, at the terminators) are plotted in Figure 3d and 3e, respectively. These results are valid under solar cycle minimum conditions (F 10.7 = 70). The effect of solar activity on the electron production rates and the sensitivity of the electron production rate to the solar flux model are presented in Appendices A and B, respectively. As discussed in section 3.3, our estimation of the primary electron production rate in the hydrocarbon layer (below $900 km, identified by the grey box) is significantly underestimated and thus should be taken with caution, while the secondary electron production rate is valid throughout the altitude region considered.
[15] The ratio of the secondary to the primary electron production rates is shown in dash-dotted lines in Figures 3d and 3e. Because of the underestimation of the primary electron production rate, the ratio is overestimated in the hydrocarbon layer (grey box). The secondary production rate becomes larger than the primary production rate at an altitude corresponding to the penetration altitude of solar photons of wavelength below 20 nm, that is, of energy above $60 eV. The most probable ionization is the single, nondissociative ionization of H 2 with an ionization threshold energy of 15.4 eV, yielding photoelectrons of energy above 45 eV. The more energetic the solar photons are, the larger the energy of the produced photoelectrons, and Figure 3a . This altitude corresponds to an optical depth of unity. The penetration altitude in the grey region should be disregarded as our spectral resolution (1 nm) cannot capture the H 2 absorption discrete lines present in this spectral region (see section 3.3). (c) Same as Figure 3b but for 90°sza (0600 or 1800 LT). (d) Primary (thick, solid line) and secondary (thin, solid line) electron production rates for 30°sza (1200 LT). The secondary to primary electron production rate ratio is also shown (dashed-dotted line). The secondary electron production obtained assuming no transport for the suprathermal electrons is shown as a dashed line. Our estimation of the primary electron production rate is underestimated in the hydrocarbon layer (grey box), while the secondary electron production rate is valid throughout the entire altitude region (see section 3.3). As a consequence, the secondary-to-primary ratio is overestimated in the hydrocarbon layer (grey box). (e) Same as Figure 3c but for 90°sza (0600 or 1800 LT). The dotted lines identify four peaks in the solar spectrum, hereafter referred as peaks 1, 2, 3, and 4 (Figure 3a) , the corresponding penetration altitudes (Figures 3b  and 3c ), and the electron production rates at these altitudes (Figures 3d and 3e) . therefore, the larger the secondary to primary electron production rate ratio. Keeping in mind the decreasing penetration altitude with decreasing wavelength (below 85 nm), this yields a monotonically increasing ratio with decreasing altitudes (see dash-dotted lines in Figures 3d and 3e) .
[16] In order to interpret the shape and relative magnitude of the primary and secondary electron production profiles, we have selected four peaks in the solar spectrum, as illustrated in Figure 3a . The penetration altitudes associated with these spectral peaks and the production rates associated with these altitudes are identified through the dotted lines in Figure 3 with quantitative estimates provided in Table 2 . The strong HeII (30.4 nm) line, identified as peak 1, is responsible for the maximum production rate at 90°sza. At 30°sza, it is not the case. Because of the sharp change in gradient of the main constituent, H 2 (see Figure 1 and discussion in section 2.1), the primary electron production rate at the penetration altitude of peak 2 is larger than that corresponding to peak 1 (Figure 3d ). The sharp decrease in the solar flux at wavelength shortward of peak 2 induces the sharp decrease in the primary electron production rate seen both at 30°and 90°sza. Peaks 3 and 4 correspond to soft X-ray photons of energy greater than 200 eV. They are responsible for two clear peaks in the secondary electron production rate profile at 90°sza (see Figure 3e ). Only one peak is apparent at 30°sza (see Figure 3d) , as the penetration altitude of peak 4 at this local time is below the altitude range considered here for the atmospheric model (600 km) (see Figure 3b) .
[17] In order to demonstrate the local origin of the suprathermal electrons, we have also computed the electron production rates assuming no transport of the suprathermal electron population. The derived secondary electron production rates are shown in dashed lines in Figures 3d and 3e. There is no significant change in electron production rate between the transport case and the local approximation below 2000 km. In this altitude range, the energetic electrons are primarily produced locally from photoionization and electron-impact ionization.
[18] Figure 4 shows the suprathermal electron spectra in terms of mean intensity at four altitudes chosen to be the penetration altitudes of the four peaks identified in the solar spectrum (see Figure 3a and Table 2 ). We have selected the 90°sza case, as it allows the inclusion of all four selected spectral peaks. The electron spectrum at a given altitude is driven by solar absorption of most wavelengths shortward of the wavelength of photons whose penetration altitude corresponds to the altitude of the electron spectrum. For instance, at 1630 km, the penetration altitude of 30-31 nm photons at 90°sza (see Table 2 and Figure 3e ), the electron spectrum is driven by absorption of solar photons of wavelength smaller than 31 nm. More specifically, the electron spectrum is the combination of three contributions initiated by solar absorption: (1) production of photoelectrons through ionization of atmospheric neutrals by solar photons, (2) production of secondary electrons by electronimpact ionization of atmospheric species, and (3) energy degradation resulting from the collisions undergone by the suprathermal electrons (photoelectrons and secondary electrons) with atmospheric species (neutrals and thermal electrons). As pointed out in Figure 3e , the energy degradation is primarily local below 2000 km. This means that a photoelectron or a secondary electron produced at a given altitude is going to be thermalized at this same altitude.
[19] Below 15 eV, the energy degradation contribution is dominant and the spectrum intensity is smooth. Above 15 eV, the peaks seen in the spectrum at 1630 km (solid line in Figure 4 ) are photoelectron signatures. The feature peaking at 25.4 eV well above the mean level is the signature of photoelectrons produced through the single, nondissociative ionization of H 2 by the solar line HeII These altitudes correspond to the penetration altitudes z p of solar photons associated with the four selected peaks 1 to 4 in the solar spectrum (see Figure 3a and Table 2 ). The electron spectrum at 1630 km (solid line), 1310 km (dashed line), 930 km (dotted line), and 760 km (dashed-dotted line) is driven by solar absorption of most wavelengths below 31 nm, 18 nm, 6 nm, and 3 nm, respectively. This is a consequence of the monotonic behavior of the penetration profile as a function of solar photon wavelength below 80 nm (see Figure 3c ). The vertical arrow identifies the photoelectron peak at 25.4 eV associated with the ionization of H 2 by HeII 30.4 nm solar photons producing H 2 + . The 1-nm resolution of the solar flux used as input causes the discrete steps that are most obvious for electron energies above 100 eV. It does not, however, affect energy-integrated quantities, such as electron production rates.
(30.4 nm) (identified as peak 1 in Figure 3a ). The relevance of this peak and its expected detection by Cassini Plasma Spectrometer (CAPS)/Electron Spectrometer sensor (ELS) are discussed in section 5. In the modeled spectrum the photoelectron peaks are not, however, restricted to the strong solar lines, as in observed spectra. Some are associated with the discretization of the solar flux. The 1-nm resolution of the solar flux causes discrete steps, resulting from the photoelectron peak itself and its associated energy degradation, that are most obvious for electron energies above 100 eV. We have, however, verified that quantities integrated over energy, such as the electron and ion production rates, are not affected by this discretization.
[20] At 1310 km, well below the penetration altitude of the HeII solar line (1630 km), the strong photoelectron signature associated with HeII at 25.4 eV is as expected absent from the electron spectrum (dashed line in Figure 4 ). The increase in electron mean intensity from 1310 km (dashed line in Figure 4 ) to 930 km and 760 km (dotted and dash-dotted lines in Figure 4 ) around 1 keV is associated with the ionization by soft X-ray photons (especially peaks (3) and (4)), which penetrate below 1000 km (see Table 2 ).
Ion Production
[21] The altitude profiles of the primary ion production rates are given in Figure 5a for 90°sza under solar minimum conditions. In several aspects they confirm the earlier findings by Moses and Bass [2000] and Moore et al. [2004] :
[22] 1. The most abundant species produced through photoionization by solar photons below 80.4 nm (the ionization threshold of H 2 ) is H 2 + . We found one exception though. At large solar zenith angles, solar irradiance below 5 nm deposits its energy in the hydrocarbon layer (Figure 3c ). The low mixing ratio of CH 4 , even in the hydrocarbon layer (Figure 1a) , is counterbalanced by the values for the CH 4 photoionization cross section being significantly larger than those of the other neutral species, and the presence of a peak in the solar flux in the 2-3 nm range. As a result, the primary ionization production rate of CH 4 is comparable to the production rate of H 2 + near 700 km and below (see Figure 5a ).
[23] 2. Near and below the primary electron production peak, H + is produced mainly through the dissociative photoionization of H 2 , as the result of the relatively low density of H compared with H 2 in this altitude region. However, because of the update of the H 2 photoionization cross section producing H + + H (see section 2.2), we find that the direct photoionization by H becomes dominant at higher altitudes than previously predicted, above 2500 km at all sza (below 90°). Though the bottom side of the H + profile (from H photoionization) behaves in a similar manner to what was found in previous Saturn studies, a higher spectral resolution would have yielded the extension of the H + profile toward lower altitudes because of the absorption of solar photons longward of the H 2 continuum absorption threshold (85.4 nm), as was found at Jupiter [Kim and Fox, 1994] .
[24] 3. The hydrocarbon ions are confined to below $900 km as a result of the location of the hydrocarbon neutral layer.
[25] 4. Similar to what was found at Jupiter [Kim and Fox, 1994] , He + remains a minor species. The combination of the high ionization threshold energy (24.6 eV corresponding to 50 nm) and the smaller scale height of He relative to H 2 with increasing altitude above the homopause due to higher mass yields a sharp decrease of He + photoproduction toward high altitudes. Along with large photoionization cross section values compared with H 2 , this results in a more pronounced peak seen at 930 km, just below the homopause, and associated with the deposition of ''peak 3'' solar photons (see Figure 3a) .
[26] Our estimation of the hydrocarbon primary production rates should be regarded as qualitative. It provides an altitude marker of the contribution of the hydrocarbon species. Only methane, the most abundant and main + + H, and 2 H + are associated with the ionization of H 2 , while the profiles labeled H + (H) and He + are associated with the ionization of H and He, respectively. While the production of each ion species associated with methane is computed individually, taking into account the respective ionization threshold energy and cross section, for clarity only the total production rate is plotted here, with the label CH 4 ions. The CH 4 ions primary rate (Figure 5a ) represents a qualitative estimate of the hydrocarbon contribution to primary ion production rates. Our underestimation of the hydrocarbon primary production rates does not, however, affect our estimation of the secondary ion production rates (see text).
absorber among the hydrocarbon species, is included in our simulations and the spectral resolution considered is that commonly provided by the solar flux models, that is, 1 nm. As a result, the primary electron production rate below about 900 km where the hydrocarbon layer is present, is significantly underestimated. The reason is twofold. (1) While hydrocarbon species are minor constituents of Saturn's thermosphere, they are ionized above 91.2 nm, a spectral region where H 2 , H, and He (with an ionization threshold of 80.4 nm, 91.2 nm, and 50.4 nm, respectively) no longer undergo ionization. CH 4 is ionized up to 99 nm and CH 3 up to 126 nm. The latter includes the contribution of the strong solar H Lyman a line (121.6 nm) which penetrates down to the hydrocarbon layer and yields significant photoionization rates for CH 3 [Moses and Bass, 2000] . (2) Above about 85.4 nm, H 2 absorbs in discrete transitions through the Lyman, Werner, and higher energy band systems. In order to capture these fine structures, a very high spectral resolution is needed. Kim and Fox [1991] carried out calculations with a 10 À4 nm resolution at Jupiter and found that two strong solar lines (CIII at 97.7 nm and OVI at 103.2 nm) and 30% of the continuum solar flux between 91.2 nm and 111.6 nm penetrate below the methane homopause. This yields significant photoionization rates for methane, acetylene, ethane, and ethylene Fox, 1991, 1994] . Similar sources of photoionization are expected at Saturn [Moses and Bass, 2000] , but calculations of solar deposition at such a very high spectral resolution have not yet been carried out at this planet.
[27] The secondary ion production rates are plotted in Figure 5b for 90°sza under solar minimum conditions. As H 2 is the dominant neutral species, H 2 + is found to be the major ion species produced through electron impact. Even though electron-impact ionization cross sections of methane are more than three times larger than those of molecular hydrogen, the low methane mixing ratio yields an ionization rate more than two orders of magnitude lower than that of H 2 + over all sza under sunlit conditions. The H 2 + secondary production rate is larger than the primary production at altitudes below the penetration altitude of 20 nm solar photons, in agreement with electron production rate results (see section 3.2). This region corresponds to the production of photoelectrons of energy above about 45 eV, efficient ionizers. The combination of low neutral density and of ionization cross sections lower than those of molecular hydrogen yields a production rate for He + two orders of magnitude lower than that of H 2 + below the homopause and more than two orders of magnitude above. Just as with primary production, H + ions are primarily produced by dissociative ionization of H 2 near and below the peak of the total ion production rate. Direct ionization of atomic hydrogen becomes important above 2000 km under sunlit conditions independent of the sza. It should be noted that the underestimation of the primary ion production rates associated with hydrocarbons and discussed earlier in this section does not affect the secondary ion production rates. The contribution currently neglected is primarily associated with the ionization by solar photons above 91.2 nm (corresponding to an energy of 13.6 eV). The induced photoelectrons do not have enough energy to ionize a neutral species. In addition, as the hydrocarbon neutral mixing ratios are very small [Moses and Bass, 2000], the direct electron-impact ionization of the hydrocarbon neutrals is negligible compared with the H 2 secondary production rate.
Contribution of Secondary Ionization to the Ionospheric State
Solar Minimum
[28] The prime focus in this section is the contribution of suprathermal electrons to ionospheric densities. While the electron density peak region is in photochemical equilibrium, plasma diffusion at higher altitudes becomes an increasingly important process, controlling the upper part of Saturn's ionosphere (!2300 km) [Moore et al., 2004] . The electron density as a function of altitude and local time is shown in Figure 6 (top), for the same conditions as for Figure 3 , that is, using the TIMED/SEE solar flux from 15 May 2008, representative of solar minimum conditions (F 10.7 = 70). The altitude profile of key ion species at three selected times (sunrise (90°sza), noon (30°sza), and sunset (90°)) are plotted in Figure 6 (bottom). The general diurnal behavior of Saturn's ionosphere with H + and H 3 + as the major ions above the homopause exhibits similar characteristics as previously found and explained [Moses and Bass, 2000; Moore et al., 2004 Moore et al., , 2006 Moore et al., , 2008 .
[29] Figure 7 shows the ratio between the electron density from Figure 6 and the electron density from an identical run but with no contribution from suprathermal electrons. In the latter case, the electron and ion production rates are reduced to primary production and the electron temperature is equal to the neutral temperature. As pointed out by Moore et al. [2008] , the increase in electron temperature due to heating by suprathermal electrons does not strongly affect the chemistry. Therefore, the ratio in Figure 7 primarily highlights the contribution of secondary ion production to the electron density profiles. Secondary ion production becomes significant below 1500 km at sunrise and sunset and below 1000 km at local noon (see section 3). This corresponds to the region at and below the ionospheric peak. In this region, H 2 + is the major ion produced through secondary production by far (see Figure 5 ). Through chargeexchange reactions of H 2 + with H and H 2 , secondary production indirectly affects H + and H 3 + in this altitude region. At noon, secondary ion production increases the electron density at the ionospheric peak by 30% (ratio of 1.30), reaching a value of 9.3 Â 10 3 cm À3 . It also shifts the peak toward lower altitudes from 1380 km down to 1060 km. While the former is a result of combined H + and H 3 + profiles, the latter corresponds to the peak in H 3 + density, which builds faster than H + density. This results from the fact that the loss of H 2 + producing H 3 + is faster than that producing H + . The largest increase above the homopause is found at 0700 LT, just after sunrise at a time when the H 3 + density is building up very fast. At that time, H 3 + represents 75% of the ion density at 1000 km and the electron density increases by a factor of 2.6 because of secondary production, reaching 1.1 Â 10 3 cm
À3
. After sunset, even though the secondary production is off, the effect on the electron density can still be seen because of the long lifetime of H + affected by the secondary production before sunset.
[30] Below the homopause, H 2 + ions are converted to complex hydrocarbons. Though our quantitative estimation of electron density is limited in this region, we are calculating the secondary production rates in a rigorous manner (see section 3.3) and find that H 2 + secondary rate is larger than five times the H 2 + primary rate at all local times at 700 km. Extrapolating from the ionospheric calculations of Moses and Bass [2000] based only on primary ion production rates but with the full, complex hydrocarbon chemistry, we are able to demonstrate a significant effect of secondary production on the electron and ion densities in the hydrocarbon layer and confirm the earlier predictions by Moses and Bass [2000] .
Variability With Solar Activity
[31] For the solar maximum calculations we assume the same neutral atmosphere as used for the solar minimum case (see Figure 1) . As yet it is unclear from measurements by how much the neutral densities change with solar cycle.
During solar maximum conditions the effects of suprathermal electrons on Saturn's ionosphere are similar to those at solar minimum (see section 4.1) and are therefore not shown here. The electron density at the peak at noon is increased by 25% (ratio of 1.25) and its altitude decreases from 1380 to 1135 km where it is still the combination of H 3 + and H + profiles.
[32] The electron density ratio between solar maximum conditions (see Appendix A) and solar minimum conditions (see section 4.1) is shown in Figure 8 . It highlights the effect of solar activity on the electron density. In the peak region under solar illumination, the electron density peak which is primarily driven by solar EUV irradiation is increased by more than 60% (ratio of 1.60) from solar minimum to solar maximum, while it increases by more than 100% (ratio of 2) because of solar activity between midnight and sunrise. The larger increase found during the night is associated with the nonlinearity of the loss processes. The largest increase in electron density with solar activity occurs in the region of deposition of soft X rays which is located below the homopause between 0600 and 0800 LT. This is due to the fact that the ratio of solar flux for solar maximum to solar minimum is larger in the X ray than the EUV (see Appendix A).
Concluding Remarks and Discussion
[33] The goal of this paper is to assess the importance of solar photoelectrons as a source of ionization of Saturn's ionosphere and to quantify their contribution to the diurnal, ionospheric structure. We have self-consistently coupled an energy deposition model with an ionospheric model and applied it to midlatitude conditions (30°N) (see section 2). The season was assumed to be equinox and the solar irradiance was taken to be representative of quiet Sun in order to provide conditions similar to those currently encountered by the Cassini spacecraft. The exchange of physical quantities between both models was applied until convergence was reached. [34] The electron and ion production induced by the photoelectrons (and their secondaries) becomes significant at and below the ionospheric peak. As predicted by Moses and Bass [2000] on the basis of an extrapolation from Jovian estimations by Kim and Fox [1994] , this electron and ion production yields a significant increase in the ionospheric densities in the bottom side of the ionosphere. We found, however, that the contribution of suprathermal electrons on the ionospheric densities extends toward higher altitudes than originally anticipated. Suprathermal electrons increase the electron peak density by up to 30% (ratio of 1.3) at solar minimum (see section 4.1). Around midday, the altitude of the ionospheric peak is also affected, decreasing by more than 300 km at solar minimum and by about 250 km at solar maximum. The largest contribution above the homopause is found after sunrise below the ionospheric peak with an increase in electron density by a factor of 2.6 at 1000 km at 0700 LT. The suprathermal electrons originating from the absorption of solar photons contribute to the ionospheric structure of Saturn's ionosphere and should be taken into account as a source of ionization when interpreting the observed electron density profiles.
[35] Figure 9 shows a comparison of observed dusk midlatitude electron density profiles between solar maximum conditions (thick, solid line) and solar minimum conditions (thin, solid line). The solar maximum profile is from the ingress radio occultation profile of Voyager 2 taken at a latitude of 36.5°N, a F 10.7 solar index of 267 at 1 AU and a solar zenith angle of 87° [Lindal et al., 1985] . The solar minimum profile is an average of five profiles from Cassini/RSS occultations, four in the northern hemisphere and one in the southern, with absolute latitude ranging between 28°and 47°, F 10.7 solar indices ranging between 66 and 68 and solar zenith angles between 83°and 92° [ Kliore et al., 2009] . As expected, solar maximum electron density values are overall larger than the solar minimum values. However, the shapes of the two profiles are surprisingly different. In particular, the solar minimum profile shows a bite-out near 1400 km, while the solar maximum profile exhibits a double peak in this region. While the origin of the bite-out is still uncertain, it could be associated with a time-variable water influx [e.g., Moore et al., 2006; Moore and Mendillo, 2007] or a low-altitude layer of meteoritic origin combined with vertical transport of plasma at high altitude by either neutral winds or electric fields [Moses and Bass, 2000] . In addition, two sharp layers near 1000 km can be seen in the solar maximum profile. Their origin is also uncertain, but they could be attributed to the effect of atmospheric gravity waves, combined if necessary with a sporadic metal ion layer of meteoritic origin, as shown for Saturn [Moses and Bass, 2000] and Jupiter [Matcheva et al., 2001] .
[36] In Figure 9 we also show the solar minimum and solar maximum modeled dusk profiles for a solar zenith angle of 90°. They are in general agreement with the observations near the peak, especially considering the slightly different Sun-Saturn distances and solar fluxes. Vertical structuring seen in the observed profiles is not expected to be reproduced by the simulations, as they do not include any processes that would generate such sharp layers. The main purpose of this paper is to assess the importance of photoelectrons as an ionization source, not to reproduce the observations in detail. While the photoelectrons affect the ionospheric structure above 1000 km as mentioned above, the region where their contribution is the largest is below, where it becomes difficult to infer reliable ionospheric densities from the Cassini RSS measurements (A. Kliore, personal communication, 2008) .
[37] In order to take the contribution of photoelectrons as a source of ionization into account in general circulation models, such as that developed by Mueller-Wodarg et al. [2006] , Moore et al. [2009] described a parameterization of the electron and ion production rates based on the present study. They discuss the validity of this parameterization, as well as the validity of the parameterization developed for the thermal electron heating rate based on the work of Moore et al. [2008] , for different latitudes, seasons, and levels of solar activity. These parameterizations are going to be critical, especially for the assessment of the global ionospheric energy budget and ionospheric structure and Figure 9 . Dusk, midlatitude electron density observed under solar maximum conditions by Voyager 2 (F 10.7 = 267) (thick, solid lines) [Lindal et al., 1985] and under solar minimum conditions by Cassini (F 10.7 = 67) (thin, solid lines) [Kliore et al., 2009] . The modeled electron density at a sza of 90°at dusk is plotted in dashed lines for the solar maximum (F 10.7 = 180; see section 4.2) (thick line) and for the solar minimum (F 10.7 = 70; see section 4.1) (thin lines) cases. composition in Saturn's upper atmosphere. They will also be relevant for deriving quick estimates of the total ionospheric densities for comparison with RSS observed profiles, without the need to solve the full suprathermal electron transport equation.
[38] With H 2 as the main absorber below 85.4 nm (continuum absorption threshold), our estimation of H 2 primary ionization production rates is rigorous throughout this spectral region. However, the primary hydrocarbon ion production rates, significant below $900 km, are underestimated because the fine structures in H 2 photoabsorption have not been taken into account and the hydrocarbon species have been reduced to methane (see section 3.3). The chemistry involving hydrocarbon species is also limited (see section 2.3). As a consequence, the electron and ion (especially hydrocarbon) densities below the homopause should be treated as qualitative. The calculation of the secondary ion production rates provided in the present study is valid throughout the ionospheric region considered, extending from 600 to 3000 km above the 1-bar level (see section 3.3). The secondary production becomes larger than the primary production below the altitude of penetration of solar photons of wavelengths shortward of 20 nm. As a result, the profile in altitude of the secondary production rate is strongly driven by the shape in the solar flux spectrum below this wavelength. The presence of a peak in the solar spectrum yields a peak in altitude for the secondary production rates (see section 3.2). It is therefore critical to have an estimate as good as possible of the highly variable soft X-ray solar flux (see Appendix A). The choice of the solar flux models is critical for assessing ionospheric densities, especially at and below the main peak (see Appendix B). The uncertainty in the solar flux is a limitation in ionospheric models.
[39] Below 85 nm, the penetration altitude decreases with decreasing wavelength of the solar photons (see Figures 3b  and 3c ). As the solar flux penetrates deeper and deeper in the atmosphere, the EUV range of solar photons which have been fully absorbed is increasing while the soft X-ray photons are reaching lower altitudes. This means that the solar flux becomes more and more energetic, yielding the relative increase in production of photoelectrons having enough energy to ionize in their turn. As a result, the secondary to primary electron production rate ratio increases with decreasing altitude (see Figures 3d and 3e) . Below 2000 km, the freshly produced photoelectrons lose locally all of their energy through collisions with atmospheric neutrals and electrons (see section 3.2). Out of the total energy available from the photoelectrons, 20% is used to heat the ionospheric, thermal electrons, yielding an increase in electron temperature above the neutral temperature level in the upper ionosphere [Moore et al., 2008 [Moore et al., , 2009 ; 70-75% is used through collisions with H 2 , including 35% (of the total energy available from the photoelectrons) used to ionize H 2 , yielding an increase in electron density up to 30% at the peak. Near dawn and dusk, more than 5% of the original energy of the photoelectrons leaves the atmosphere, being carried by outgoing electrons. At local noon, this percentage is reduced to 0.4%.
[40] By analogy with auroral particle precipitation [e.g., Rees, 1989] , we have estimated the average energy loss per electron produced for the photoelectrons. It is derived from the ratio between the energy deposition rate of the photoelectrons and the secondary electron production rate. Instead of integrating over altitude, the energy loss is calculated as a function of altitude, each altitude considered being associated with a wavelength of solar irradiance through the penetration altitude function (see Figures 3b  and 3c ). Such an approach applied to wavelength below 35 nm is justified, as the local approximation is valid at the penetration altitude of solar photons of this wavelength range (see section 3.2). We derive an energy loss per electron produced ranging from less than 30 eV at 1 nm to 50 eV at 35 nm. A parameterization is provided in Table 3 . The energy loss is found to be insensitive to local time, as long as there is solar illumination. It is also found to be not significantly dependent on solar activity. Therefore, the parameterization in Table 3 can be used under the whole range of solar activity. The secondary production rate can be derived by dividing the energy flux carried by photoelectrons at this altitude (easily estimated from the Beer-Lambert law) by the energy loss at the wavelength of solar photons whose penetration altitude corresponds to this altitude. The parameterization discussed here does not replace that proposed by Moore et al. [2009] , as it does not provide any information on the different ion production rates, even though in first approximation it is justified to reduce the secondary ion species to H 2 + . It illustrates, however, the different behavior of photoelectrons compared with auroral particles for which a constant energy loss over energies has been derived. A value of 30 eV has been estimated for auroral electrons of energies below 1 keV in a pure H 2 atmosphere [Hiraki and Tao, 2008] , while a value of 37 eV has been used for auroral electrons and protons in hydrogen-dominated atmospheres [e.g., Gérard and Singh, 1982; Régo et al., 1994] . While these values are of the same magnitude as those we derived, the strong variability with solar wavelength is not captured. Ignoring this variability would yield an overestimation of the secondary electron production rate at high altitude (above the penetration altitude of solar photons of 3 nm for a value of 30 eV and of 14 nm for a value of 37 eV) and an underestimation at low altitudes (below the penetration altitude of solar photons of 12 nm for a value of 37 eV).
[41] The strong feature peaking at 25.4 eV above the neighboring level in suprathermal electron mean intensity, present in the solid line curve in Figure 4 and identified with a vertical arrow, is the signature of photoelectrons produced through the single, nondissociative ionization of H 2 by the solar line HeII (30.4 nm) (identified as peak 1 in Figure 3a) . Such a signature has been unambiguously identified on the observed spectra within the ionosphere of several bodies, such as Earth [e.g., Torr, 1985, 1988; Solomon et al., 2001] and Titan [Galand et al., 2006] , even though at a different energy (24.1 eV), as these bodies have an atmosphere primarily made of nitrogen. Even though the CAPS/ELS instrument onboard Cassini measures suprathermal electron intensities over this energy range, no in situ measurements, and thus no detections, have been made so far in Saturn's dense ionosphere. It may, however, happen during the last phase of the Cassini mission with orbits penetrating into Saturn ionosphere. We also found that the photoelectron signature at 25.4 eV is clearly seen in the suprathermal modeled spectra escaping the atmosphere. We therefore predict that CAPS/ELS should observe this signature from the magnetosphere of Saturn at locations where magnetic field lines are connected with the sunlit Saturn ionosphere. Similar observational configurations have allowed the detection of the analog signature at Earth at distances up to 7 Earth radii [Coates et al., 1985] .
Appendix A: Variability With Solar Activity
[42] In order to assess the effect of solar variability on the electron production rates, we have selected another day of study, 20 October 2002, which corresponds to solar cycle maximum conditions (F 10.7 = 180). The solar variability between this solar maximum case and the solar minimum default case (F 10.7 = 70) is plotted in Figure A1a . The derived primary (solid) and secondary (dashed) electron production rates at solar maximum (thick lines) and solar minimum (thin lines) for 90°sza are given in Figure A1b .
[43] Saturn was closer to the Sun in October 2002 (solar maximum case) than in May 2008 (solar minimum case). This yields a 6% baseline increase in the solar flux from the solar minimum case to the solar maximum case. However, it is significantly smaller than the variability in the solar flux due to the solar activity alone. Over the entire spectral range considered the solar variability is at least 20% and, for most spectral bins, above 50%.
[44] As expected, the derived solar variability between October 2002 (solar maximum) and May 2008 (solar minimum) is significantly larger in the soft X rays (reaching up to 30) than in the EUV, where the averaged solar variability is of the order of 100% (see Figure A1a) . Because of the wavelength dependence of solar variability, the electron production rate is affected significantly more in the lower ionosphere (where soft X-ray photons deposit their energy) than higher up at the penetration altitudes of the solar EUV (see Figures A1b and A1c) . At the main peak of the primary electron production located in the solar EUV penetration region (1625 km), the primary production rate increases by a factor of 2.3 at 90°sza (sunrise/sunset) and by a factor of 2.2 at 30°sza (local noon). The secondary electron production rate increases by a factor of $2.4 or less, above 1000 km at 0600 LT and above 800 km at 1200 LT. In the region of solar soft X-ray penetration altitudes, the increase in primary and secondary production rates becomes larger and larger with decreasing altitude. At 700 km, the primary production rate increases by a factor of 11 at 90°sza and of 2.8 at 30°sza, while the secondary increases by a factor of 13 at 90°sza and of 3.1 at 30°sza. The difference found in the percentage of increase with sza is due to the different wavelength values associated with a penetration altitude of 700 km (see Figures 3b and 3c) .
[45] It should be noted that the solar variability exhibits several peaks in the EUV window, in particular around 61 nm (see Figure A1a) . Such a peak is of instrumental origin associated with abnormal values in the 60-61 and This parameterization is valid from 1 nm to 35 nm, which corresponds to a ratio of secondary over primary electron production rates of 43 down to about 0.5, respectively. A linear interpolation should be applied between two successive points. 61-62 nm bins of the solar flux from the recent solar minimum data set (version 9 TIMED/SEE) (T. Woods, personal communication, 2008) . In order to test the sensitivity of our solar minimum results to this feature, we have run the model with a solar minimum flux modified in the 60-62 nm range such that the solar variability in this range is 0.7, typical of the neighboring spectral region. The inferred primary production rate is affected by less than 7% in the upper part of the ionosphere above the penetration altitude of 60 nm (see Figures 3b and 3c) . The secondary electron production rate is not changed, as photoelectrons produced by solar photons of 60 nm (or 21 eV) do not have enough energy to ionize the neutral species. The effect of the too low solar minimum values near 60 nm is therefore negligible.
[46] While the analysis presented in this section is based on two specific days, it is representative of a typical solar cycle variability. We have extracted the solar flux for different days associated with similar F 10.7 levels. At solar cycle maximum, the variability from the level obtained on 20 October 2002 is within ±20%, and decreases to ±10% above 60 nm. At solar cycle minimum, the variability from the level on 15 May 2008 is within ±10% over the whole spectral range. The only exception is in the soft X rays where specific events, such as solar flares, can be associated with fluxes several orders of magnitude above the ''quiet Sun'' level [e.g., Neupert, 2006] .
Appendix B: Sensitivity to Solar Flux Models
[47] The altitude profiles of the primary and secondary electron production rates are strongly dependent on the solar flux spectrum considered to drive the model. This is especially true in the soft X-ray range which drives significant secondary production peaks in the lower ionosphere. The solar flux spectrum that we are using is based on the TIMED/SEE observations made from Earth and averaged over one day (see section 2.2). Other solar empirical models have been used by the aeronomy community. For instance, the solar EUV flux model for aeronomic calculations (EUVAC) driven by the daily solar index, F 10.7 , was developed by Richards et al. [1994] . Figure B1a shows the primary and secondary electron production rates for 90°sza derived from the EUVAC model with F 10.7 = 180 (thick lines) and from TIMED/SEE under solar maximum conditions as defined in Appendix A (thin lines). At the penetration altitude of the solar EUV irradiance (see Figure 3c) , the primary production rates are in very good agreement. The prime difference between EUVAC and the TIMED/SEE models is associated with the lower spectral boundary set to 5 nm in the EUVAC model, while the smallest spectral bin for TIMED/SEE is 0-1 nm. As a result, both the primary and secondary electron production rates sharply fall off at an altitude significantly larger than the altitude predicted when using a solar flux extending toward lower wavelengths. This highlights once more the role solar soft X-ray irradiance plays in the low ionosphere as a source of ionization.
[48] Figure B1a also shows that the production rates derived from EUVAC have significantly larger values above the sharp fall off than those derived from TIMED/SEE. The reason is the larger values for the solar flux in the 5 -10 nm range for EUVAC compared with TIMED/SEE. While the F 10.7 solar index and its 81-day average which drive the EUVAC model are good proxy for the EUV solar flux, they cannot capture the variability in the soft X rays, which is significantly greater than that in the EUV. Recently, Richards et al. [2006] published a high-resolution version of the solar EUV irradiance for aeronomic calculations (HEUVAC) which extends down to 0.1 nm and provides an update of the EUVAC model. In particular, they introduce an additional solar activity scaling factor over 0 -5 nm window, making the solar irradiance in this range vary by a factor of six when the proxy for EUV (F 10.7 + F 10.7 (81-day average))/2 goes from 80 to 200. This partially addresses the soft X-ray contribution and its variability over the solar activity, both absent in the previous EUVAC version.
[49] Another solar flux model commonly used is the Solar 2000 model [Tobiska, 2004; Tobiska and Bouwer, 2006] . The most recent version, v2.34, is primarily based on the observations of the daily TIMED/SEE. It is therefore not Figure B1 . Primary (thick, solid lines) and secondary (thick, dashed lines) electron production rates at 90°sza under solar maximum conditions with the solar flux generated (a) with the EUVAC model and (b) with the Solar 2000 model version 2.34. For reference, the primary and secondary electron production rates under solar maximum conditions based on TIMED/SEE are shown in thin, solid and thin, dashed lines, respectively. surprising that the electron production rates derived from Solar 2000 v2.34 are very close to those derived from TIMED/SEE, as illustrated in Figure B1b valid for solar maximum conditions (20 October 2002) at 90°sza. In the soft X rays, the Solar 2000 v2.34 provides a flux value 55% smaller (ratio of 0.45) in the 1-2 nm bin and a factor of 2.6 larger in the 2 -3 nm bin, compared with TIMED/SEE. These differences yield more than a 40% decrease (ratio of 0.6) for the primary and secondary production rates at the penetration altitudes of 1 -2 nm (680 km) and 40% increase (ratio of 1.4) in the primary and 20% increase (ratio of 1.2) in the secondary electron production rates at the penetration altitudes of 2 -3 nm (760 -790 km).
[50] Earlier versions of the Solar 2000 model provide very different results in terms of electron production rates. For instance, if the v1.24 version would have been used instead of the v2.34, the solar flux would have been more than three orders of magnitude lower in the 2 -3 nm bin and more than one order of magnitude larger in the 3 -4 nm bin (ratio of 22) and in the 12-13 nm bin (ratio of 17). Using v1.24 compared with v2.34 yields an increase of five times the primary production rate and by an order of magnitude of the secondary production rate at the penetration altitude of 12.5 nm solar irradiance. The choice of the solar flux models (and of its versions) is critical for aeronomical studies. The uncertainties in the solar flux, especially in the soft X rays, is a strong limitation factor of the estimation of ionospheric conditions.
